SUMMARY
INTRODUCTION
In 2007, corn crops occupied about 12.9 millions ha in Brazil, with an average yield of 3,298 kg ha -1 in the normal season and 2,907 kg ha -1 out-of-season (Conab, 2007) . Being one of the main inputs in the productive field, corn is used in animal feeding, especially in swine, poultry and dairy cattle breeding. In human nutrition, it participates as the raw material for around 600 industrial products.
Regarding on nutrient demand by the cultures, N is the most demanded nutrient when it comes to quantity. This fact is shown in the worldwide consumption of the nutrient in fertilizers, overcoming the used quantities of P and K (Malavolta, 2006) . The large demand for N makes the corn crop highly responsive to N fertilization. Moreover, in soils with high fertility or in limed soils, N, which usually does not accumulate in forms readily available in the soil, controls the levels of productivity of corn grains.
Nitrogen fertilizers present high solubility and are effective for corn crops, attending each fertilizer's specificities (Cantarella & Raij, 1986) . Urea is characterized as the granulated solid fertilizer of highest N concentration (45 %) in amide form. Among the sources of N, it has lower market value and is the most used. Therefore, there is some concern regarding on its use due to the fact that its application on surface promotes N losses by volatilization in the form of N-NH 3, even in acid soils. Among the advantages of urea, besides the high N concentration and low cost, one may mention the low expenses with transportation, storage and application, high solubility, low corrosive properties as well as easiness to mix with other sources (Melgar et al., 1999) .
The volatilization process involves, at first, urea hydrolysis through urease. Urease is an extracellular enzyme produced by several soil microorganisms or plant residues. Many factors affect its hydrolysis, such as: temperature, humidity, gas exchange, water evaporation rate, water content in the soil, pH, buffering capacity, cation exchange capacity and textural class (Freney et al., 1985; Hargrove, 1988; Byrnes, 2000) .
Several modifications have been done to urea in order to increase its efficiency and decrease N losses by volatilization, for instance: coverage with elementary sulphur and polymers, addition of acids and salts to avoid ammonia formation and mixture with other fertilizers (Cantarella, 2007) . Coated fertilizers include soluble composts covered with a semi-permeable membrane, which controls the liberation of nutrients into the culture medium (Bennett, 1996) . Urease inhibitors are composts which, when added to urea, decrease the urease activity, delaying the hydrolysis of the fertilizer. Consequently, there is more time for urea to diffuse from the place of application, either due to the rain or to irrigation water, reducing losses by volatilization of ammonia (Contin, 2007) .
Coating of urea might be done with several products, and the use of polymers has been an option studied for many years. Polymers organize themselves on the surface of granules forming a protecting and semi-permeable coat which allows for the gradual solubility of the nutrient. The product KimCoat LGU is a polymer-coated urea with high charge density (NutriSphere-Nou NSN), which presents three layers of polymers covering the urea grain (Reis Jr., 2007) .
NBPT [N-(n-butyl) thiophosphoric acid triamide] is now the most promising urease inhibitor. It has been tested in some countries with generally satisfactory results. NBPT is efficient in low concentrations, and it inhibits urea hydrolysis for periods between three and 14 days depending on soil temperature, humidity and other environmental conditions. Furthermore, its application has not shown any effect over the soil biological proprieties, which contributes for making its use quite viable (Cantarella & Marcelino, 2007) .
In this context, the aim of this study was to evaluate the losses due to N volatilization at different rates of common urea, polymer coated urea and urease inhibitor-treated urea in the out-of-season corn (also known in Brazil as off-season corn or "safrinha" corn), using semi-open static collectors.
MATERIAL AND METHODS
The experiment was carried out in Jataí - GO The data regarding rainfall and temperature during the experimental period are available in figure 1.
Six treatments were used: T1-control (without N), T2 -urea, 40 kg ha -1 N, T3 -urea, 80 kg ha -1 N, T4 -polymer coated urea, 40 kg ha -1 N, T5 -polymer coated urea, 80 kg ha -1 N and T6) urea with the urease inhibitor (UI), N 80 kg ha -1 N. The treatments were distributed in a complete randomized block design with four replications, summing up 24 plots. Each experimental plot consisted of 10 rows of corn spaced 0,75 m apart and 9 m long. The evaluations were carried out in the medium third (central 3 m) of the four central rows of each plot (main plot of 9 m 2 ). Three meters at the rows ends and three rows in each lateral of the plots were considered borders.
The rate of 80 kg ha -1 N used in the side-dressing fertilization was determined due to the expectations of the crop yield and to the historicity of the field, where the no-tillage system has been used for ten years in succession to soybean culture. It was observed that this rate has been often used by the corn producers in that region. Due to some operational limitations, the urease inhibitor (UI) N 40 kg ha -1 N treatment was excluded.
The treatments were applied manually in rows, 5 cm beside the planting line in an area of 10 cm, dividing the established doses in two side-dressing fertilizations ( Figure 1 ). The first one was carried out 20 days after seedling emergence, when the corn crop presented six leaves and the second one 50 days after seedling emergence, when the crop presented around 12 leaves.
The semi-open static collection chambers for determination of N-NH 3 gas losses were settled in the field, in the middle of the plot of each treatment (Figure 2 ), near to the planting line where the sidedressing fertilizers were applied. To verify the volatilized ammonia captured by the chambers, two fertilizations were applied to the soil inside them, in previously weighed quantities of fertilizer, with the doses corrected for the chamber area simulating the fertilized area.
After applying the treatments, polyurethane plastic foam discs as static ammonia absorbers embedded in diluted phosphoric acid 0.7 mol L -1 and glycerol 5 % (v/v) were put in the semi-open static chambers.
Up to the third day after the N application, the collections by the absorbent foam discs were done with 24 h intervals. After the third day of the N fertilization, the collections started being done every 48 h. Thus, seven foam disc collections were done (1, 2, 3, 5, 7, 9, and 11 days after the preflood fertilizer N application).
In the collections, the sorbers were changed, keeping only the disc in the lower position for N extraction and analysis. During the management of the sorber in the field as well as in the laboratory, in order to minimize the risks of contamination, rubber gloves and plastic bags to isolate the foams from the atmosphere were used. During the whole collection period, replacement of rain water in the soil inside the chambers was not done. The chambers were covered all the time, being the galvanized cap taken out for a few minutes only to change the foam, avoiding thus that rain water would affect the solubility of the fertilizers. Therefore, this solubility was subject exclusively to the effect of soil moisture. These measures to minimize the microclimate effect within the chamber aimed at the creation of a highly favorable environment for urea volatilization.
The N-NH 3 retained in the sorbers was extracted by washing them (an average of five washes) with KCl 1 mol L -1 solution until reaching the volume of 500 mL. A 50 mL aliquot of the KCl 1 mol L -1 extract was steam distilled and added with NaOH to increase the solution pH to 7.5. Distillation was performed in a micro-Kjeldhal distiller. The distillate was put in Erlenmeyer flasks with 10 mL of boric acid, 2 % (w/v) aqueous solution with mixed indicator, and then titrated with 0.0025 mol L -1 sulfuric acid, according to the method described by Tedesco et al. (1995) .
The volatilized ammoniacal N was calculated with the values of the sulfuric acid volumes spent in titration, in the blank tests and in the samples, using the following equation:
where N = N mg per chamber; Vs = acid volume spent in titrating the sample; Vb = acid volume spent in titrating the blank; and f = 0.7 (factor concerning the acid molarity, the aliquot volume and the extract in the volumetric flask). Posteriorly, the results were corrected according to the equations proposed by Lara Cabezas et al. (1999) . Thus, it was obtained the daily volatilization rate (DVR) and the accumulated volatilization rate (AVR), calculated as the sum of the daily rates, for each sidedress application, and the sum of the two applications.
Avoiding the lateral rows of the plots, at the beginning of the corn blooming period it was performed the random collection of 15 leaves per plot for later determination of N, P, K, Ca, Mg, Cu, Fe, Mn and Zn concentrations in the leaf tissue. To determine the nutrients in the leaves, only 30 cm of their central part were used, discarding the midrib. After the collection, the leaves were conditioned in paper bags and put in a forced-air circulation incubator to be dried at 60 °C to a constant weight. After drying, the samples were ground in a Wiley mill. Nitrogen was extracted by sulfuric digestion and the analytical determination was performed according to the method described by Malavolta et al. (1997) .
Three soil collections were performed in the planting line, in the first, third and fifth day after the second side-dressing fertilization, to determine the urease activity. Three samples were collected in each treatment to form a composite sample, at the 0-10 cm depth layer. Determination of urease was done according to the method described by Tabatabai & Bremner (1972) .
In the harvest, performed on 20 th June 2007 (124 days after sowing), the following production components were assessed: hundred grains mass, first ear insertion height, average ear size and productivity. All the ears from the main plot were collected, weighed, measured and put in a mechanical thrasher. The grains were weighed and data was transformed in 13 % wet basis.
Data was submitted to analysis of variance. Differences among means were compared by the Duncan test at the 0.05 probability level.
RESULTS AND DISCUSSION
Ammonia volatilization was influenced by the soil moisture conditions during the period when the sidedressing fertilizations were performed. In the first side-dressing application, when the soil was drier (Figure 1) , the highest volatilization occurred between the fourth and fifth day after the application (Figure 3a) , whereas in the second side-dressing application, with a more humid soil, the highest volatilization occurred between the first and second day after the side-dressing fertilization (Figure 4a ). Ammonia losses and the influence of moisture over sugarcane trash up to the sixth day after N fertilization in field conditions were verified by Costa et al. (2003) . Primavesi et al. (2001) observed N-NH 3 losses for urea volatilization between 1.1 to 52.9 % depending on the urea rate applied and on the climatic conditions (temperature and moisture), in each evaluation period.
The T3 treatment (urea, 80 kg ha -1 N) was the one which presented the highest N-NH 3 volatilization in each collection, statistically differing from the other treatments in the three first days of collection (Figure 3a) . Evaluating the curves, it is also possible to notice that the T6 treatment (urea with the urease inhibitor (UI) N 80 kg ha -1 N) presented a slower N-NH 3 liberation in the first collections. Nevertheless, as time went by, volatilized N-NH 3 values increased, overcoming all the treatments from the ninth day on, indicating the urease inhibitor action and showing that in the T6 treatment urea was available in the soil for a longer period. Cantarella et al. (1999) verified that when the rain was not sufficient to incorporate urea into the soil, N-NH 3 losses were heavier, and higher moisture accelerates the volatilization rates. However, if there was enough rain to incorporate urea, the volatilization level was kept low. Therefore, it is possible to conclude that, in field conditions, inhibitor treated urea might be advantageous, as it is exposed for a longer period to rainfall conditions to incorporate it before it reaches the volatilization peak.
At the end of the collection period, volatilization decreased in all the treatments and, in the accumulated ammonia volatilization loss rate, the T5 Treatment reduced N-NH 3 volatilization at 50 % when compared to the highest rate of urea (T3). The T2, T4 and T6 treatments volatilized values similar to T5, not differing among themselves, but they differed from T3 (Figure 3b ).
In the second side-dressing fertilization, the treatments were similar (Figure 4) . Besides having the occurrence of the volatilization peak on the second day (Figure 4a ), the moisture conditions also contributed for an increase in N-NH 3 volatilization.
In the period of the second side-dressing fertilization, it was possible to verify that volatilized N-NH 3 was doubled in the treatments, when compared to the volatilization occurred in the first fertilization. The origin of this fact might be the increase of soil pH due to higher urea hydrolysis caused by higher moisture in that application, which would favor N-NH 3 losses (Oliveira et al., 2007) . After that period, losses decrease likely as a consequence of decrease of soil pH associated to OH -consumption during ammonia volatilization and nitrification (Whitehead, 1995) .
As it occurred in the first side-dressing fertilization, T3 treatment (urea, 80 kg ha -1 N) differed significantly from the other treatments from the first to the fifth collection day, being overcome by T6 treatment in the collections of the seventh, ninth and eleventh day, which differed statistically from the other treatments (Figure 4 ). Treatments T5 and T6 reduced significantly the N-NH 3 volatilization, when compared to T3 treatment (Figure 4b ), confirming the effect of the two products (polymers and urease inhibitor) used to reduce N-NH 3 volatilization.
In the second side-dressing fertilization, T3 treatment volatilized twice the amount of N-NH 3 volatilized in the first fertilization and presented significant difference when compared to the other treatments regarding N-NH 3 accumulation in all the experimental period. The T5 and T6 treatments differed between them selves in N-NH 3 accumulation throughout the whole period evaluated, and they also differed from the other treatments for presenting higher rates of N. It is important to highlight that T6 treatment did not differ from T2 treatment in the first three evaluations, demonstrating again the urease inhibitor effect.
The daily rates of the sum of the two side-dressing fertilizations (Figure 5a) showed that on the second day after the application, there was N volatilization by 17 % of the amount applied in T3 treatment. That demonstrates the high influence that temperature and moisture exert on urea hydrolysis, as it has been discussed previously regarding figures 3a and 4a.
Up to the fifth day of ammonia collection, the N loss in T3 treatment was statistically different from the other treatments. The T6 treatment had its volatilization peak on the third day, volatilizing 7.5 % of the applied N, thus demonstrating the slower and more gradual liberation of N. From the fifth day on there was a considerable decrease in ammonia volatilization in T3 treatment, demonstrating the high degree of common urea volatilization in the first days after its application.
The amount of 52 kg (65 % of N applied in T3 treatment) was volatilized until the 11 th day, statistically differing from the other treatments. This result demonstrated that more than half of the N applied was lost, that is, there was no corn utilization ( Figure 5b ).
The treatment T5 volatilized 44 % of the N applied, differing statistically from the other treatments regarding the accumulated N until the seventh day of collection. From the ninth day on, that treatment did not differ from T6 treatment, which volatilized 35 % of the N applied, but with a higher volatilization in the last days of collection. These two volatilization reducers (polymers and urease inhibitor) showed themselves efficient, decreasing N-NH 3 losses by volatilization.
Leaf N concentration was higher in T5 treatment (Table 1) , probably due to one of the lowest N losses by volatilization, showing the polymer use efficiency as urea volatilization inhibitor, associated to the highest rate in that treatment (80 kg ha -1 N). The other macronutrients did not differ based on the treatments.
That result corroborates the ones obtained by Barth et al. (2006) , in a study about unburned sugarcane straw, who observed N-NH 3 losses by 24 % of the N applied as urea and by 10 % of the N applied as urea + polymers, which results in N losses reduction by 50 % with the use of the inhibitor.
Similar results were also found by Cantarella & Marcelino (2007) , who showed the reduction of losses by urea N volatilization in 12 field experiments with corn, sugarcane and pastures.
The treatment T3 (Table 2 ) differed statistically from the other treatments, demonstrating the intense urease activity. As soon as urea is applied on the soil, it gets in contact with soil microorganisms and is fastly transforms into 2NH 4 + and CO 3 2-by the action of the enzyme urease present in the soil. In the first soil collection, T6 and T1 treatments provided the lowest enzyme activity, demonstrating that the urease inhibitor occupies the urease active site, inactivating the enzyme. In the first soil collection after the sidedressing application, there was a significant difference between T3 (urea, 80 kg ha -1 N) and the other treatments, emphasizing the polymers and urease inhibitor efficiency at rates of 80 kg ha -1 . (1) The averages followed by the same letters on the same column did not differ from each other, according to the Duncan test at p ≤ 0.05.
According to Mobley & Hausinger (1989) , the inhibitor occupies the urease active site and inactivates the enzyme. Therefore it postponed the process beginning and reduces the N-NH 3 volatilization speed extent. Delay in hydrolysis reduces the N-NH 3 concentration present on the soil surface, decreases the N-NH 3 volatilization potential and allows for the replacement of urea into deeper horizons in the soil (Christianson et al., 1990) . Another laboratory study, carried out by Antisari et al. (1996) , evidenced the inverse relationship between the urease inhibitor (NBPT) and urea hydrolysis speed, N-NH 3 volatilization and N mineralization. Byrnes (2000) also corroborates the results in this paper, when the author informs that urea applied to the soil is fastly hydrolyzed in two or three days, and the hydrolysis rates depend on soil temperature, moisture, and the amount and form of the application. The advantage in applying urea with urease inhibitor is that the inhibitor delays the urea hydrolysis because it occupies the urease active site and inactivates the enzyme, delaying the process beginning and reducing the N-NH 3 volatilization speed extent. Thus, the fertilizer might stay longer in the soil waiting for the rain, for instance, so that it might be replaced into deeper horizons in the soil.
In table 3, it is possible to notice that T6 treatment was the one which responded best to the N application. Table 3 . Productivity, 100 grains weight, first ear insertion height and average ear size based on the treatments in the corn crop harvested after 124 days
(1) The averages followed by the same letters on the same column did not differ from each other, according to the Duncan test at p ≤ 0.05.
Its production was the highest among the treatments, differing from T1 (without fertilizer) and T2 (urea, 40 kg ha -1 N). In the other treatments, it was not observed any statistical differences for corn productivity. The T4 treatment (polymer coated urea 40 kg ha -1 N) did not differ significantly from T6 (urea, with the urease inhibitor N, 80 kg ha -1 N) as T2 treatment, demonstrating better efficiency of this fertilizer when compared to common urea.
First ear insertion height in T1 treatment was lower than in the other treatments, but it differed statistically only from T2 and T4 treatments. As for the factor 100 grains weight, T1 treatment also presented the lowest values and differed from T2 and T5 treatments, being the latter the one which presented the best result. Concerning the average ear size, there were no significant differences among the treatments. Table 2 . Soil urease activity after the treatments application in the second side-dressing fertilization
